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The renal epithelium contributes to the development of inﬂammation during ischemic injury. Ischemia induces endoplasmic
reticulum (ER) stress and activates the unfolded protein response (UPR). Ischemic tissues generate distress signals and
inﬂammation that activates ﬁbrogenesis and may promote adaptive immunity. Interestingly, the UPR may activate inﬂammation
pathways. Our aim was to test whether the UPR is activated during metabolic stress and mediates a tubular inﬂammatory
response. Glucose deprivation, not hypoxia and amino acids deprivation, activated the UPR in human renal cortical tubular cells
in culture. This stress activated NF-jB and promoted the transcription of proinﬂammatory cytokines and chemokines, including
IL-6, IL-8, TNF-a, RANTES and MCP-1. The protein kinase RNA (PKR)-like ER kinase signaling pathway was not required for the
induction of inﬂammationbut ampliﬁed cytokine.Inositol-requiring enzyme 1activated NF-jB signaling and was requiredforthe
transcription of proinﬂammatory cytokines and chemokines following metabolic stress. Moreover, acute ischemia activated ER
stress and inﬂammation in rat kidneys. Finally, the ER stress marker GRP78 and NF-jB p65/RelA were coexpressed in human
kidney transplants biopsies performed before implantation, suggesting that ER stress activates tubular inﬂammation in human
renal allografts. In conclusion, this study establishes a link between ischemic stress, the activation of the UPR and the
generation of a tubular inﬂammatory response.
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Ischemia, the shortage of blood supply into an organ is a
common complication of various clinical conditions including
cancer, stroke or solid organ transplantation. Renal ischemia
is a major cause of acute and end-stage renal failure, which
causes serious morbidity and mortality.
1 In the renal
transplant setting, ischemic injuries under toxic conditions
(calcineurin inhibitors), surgical pressure or immunological
injury compromise tissue viability and promote alloimmunity,
leadingtointerstitial ﬁbrosis/tubular atrophy,progressive graft
dysfunction and loss.
2,3 In addition, acute ischemia in native
kidneys may trigger autoimmunity through the generation of
alarm signals by stressed and/or dying cells and the genera-
tion of endogenous neoantigens and epitope spreading.
4–6
The renal tubular epithelium has a central role in the
development of acute and chronic kidney structural deteriora-
tion after ischemic injury, especially by the generation of
inﬂammatory and proﬁbrogenic cytokines.
7,8 Renal ischemia
generates a cascade of proinﬂammatory mediators that can
amplify injury. For example, renal-associated TLRs 2 and 4
recognize danger-associated molecular patterns (DAMPs)
and promote local inﬂammation.
9,10 Modulation of the graft
microenvironment by this early innate response may be a
prerequisite for ﬁbrogenesis and for the full development of
adaptive immunity and subsequent renal allograft rejection.
The primary mechanism through which the ischemic kidney
initiates this inﬂammatory cascade has not yet been fully
elucidated and alternative biological pathways should be
tested. Although various extracellular stimuli, including
DAMPs, promote tubular inﬂammation, the implication of
intracellular distress processes on tubular inﬂammation
remains to be determined.
Tubular cells that encounter nutrient and oxygen depriva-
tion during ischemia use various adaptive responses to
maintain homeostasis and survival, including the inhibition
of degradation of hypoxia inducible factor-1a, the inhibition of
mammalian target of rapamycin-dependent signaling and the
initiationofmacroautophagyandtheactivationoftheunfolded
protein response (UPR). These adaptive responses decrease
energyexpenditure,increasenutrientavailability andpromote
cell survival. However, these biological processes also lead to
the generation ofproinﬂammatory cytokines andchemokines,
suggesting that stressed tissues generate alarm signals that
produce an inﬂammatory microenvironment in addition to
releasing DAMPs.
11–14 Whether such responses trigger
inﬂammation in the setting of acute renal ischemia is
unknown.
Ischemia promotes endoplasmic reticulum (ER) stress, a
situation that is caused by the accumulation of misfolded
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hypoxia and glucose deprivation decreases the intra-reticular
calcium concentration, impairs the activity of chaperone
molecules, interferes with disulﬁde bridge formation and
impairs the maturation of native proteins.
15–17 The function
of the UPR is to adjust cell functions in response to ER stress
and to re-establish normal ER function both at the transla-
tional and transcriptional level. If the stress persists and
adaptation fails, the cell activates the apoptotic program.
11 In
ER stress conditions, the aim of the UPR is to adapt to the
changing environment and reestablish normal ER function, by
reducing messenger RNA (mRNA) translation and therefore
the amount of new synthesized proteins in the ER, by
increasing the proteasomal degradation of ER localized
proteins, and by increasing the protein folding capacity of
the ER. When adaptation fails and ER stress prolongs, cell
triggers death programs, usually in the form of apoptosis.
18
Three major mediators are involved in the UPR signaling:
activated transcription factor 6 (ATF6), inositol-requiring
enzyme 1 (IRE1) and protein kinase RNA (PKR)-like ER
kinase (PERK).
The aim of this study was to investigate whether renal
tubular cells promote inﬂammation through the UPR in the
context of ischemic injury. We have demonstrated that
glucose deprivation, not hypoxia and amino acids shortage
induces ER stress and activates the IRE1 and PERK
pathways in human renal cortical cells (HRCCs) in culture.
Although the IRE1 axis is necessary for NF-kB activation and
proinﬂammatory cytokines production, the PERK pathway is
not required for NF-kB activation but ampliﬁes the tubular
inﬂammatory response. Moreover, ER stress and NF-kB are
also activated in rat kidneys following acute cold ischemia.
Finally, we have demonstrated that acute kidney ischemic
injury promotes tubular ER stress and activates the NF-kB
pathway in human renal allografts.
Results
Glucose deprivation, not hypoxia and amino acids
shortage promote ER stress. We ﬁrst examined which
metabolic constituent of ischemia, namely glucose or amino
acids deprivation, or hypoxia, induced ER stress in tubular
cells. HRCCs exposed for 24h to glucose-deprived culture
medium expressed the ER stress marker GRP78, also
known as binding immunoglobin protein, whereas cells
cultured for 24h without amino acids, or subjected to
hypoxia (Figure 1a, bottom) did not develop ER stress
(Figures 1a and c). GRP94, a chaperone involved in the
adaptive response to ER stress, was also expressed during
glucose deprivation (Figure 1b). These results suggest that
glucose deprivation, but not amino acids deprivation or
hypoxia, promotes ER stress in HRCCs in culture.
Metabolic stress activates the PERK pathway. As
glucose deprivation, hereafter referred to as metabolic
stress, promotes tubular ER stress, we next tested whether
the UPR was activated. Metabolic stress activated the PERK
pathway, as shown by the early phosphorylation of the
translation initiator elongation initiation factor 2a (eIF2a;
Figure 2a), followed by the selectively translated
transcriptional factor ATF4 (Figure 2b) and the expression
of transcripts for the apoptotic inducers C/EBP homologous
protein (CHOP; also known as growth arrest and DNA-
damage-inducible protein 153 (GADD153)) and GADD34
(Figure 2c). These results suggest that metabolic stress
activates the PERK pathway in HRCCs.
Metabolic stress activates the IRE1 pathway. IRE1
homodimerizes during ER stress and acquires kinase
and endonuclease activities. In HRCCs subjected
to metabolic stress, the transcriptional factor X-box-
binding protein 1 (XBP1) was actively spliced during
glucose deprivation (Figure 2d), suggesting that IRE1 is
activated during metabolic stress. Together, these results
indicate that metabolic stress activates IRE1 signaling in
HRCCs.
Metabolic stress generates a tubular inﬂammatory
response. We next tested whether metabolic stress could
promote tubular inﬂammation. We evaluated the expression
of various proinﬂammatory cytokine and chemokine
transcripts during metabolic stress. These transcripts are
expressed during acute kidney injury.
4 HRCCs exposed to
metabolic stress showed biphasic expression patterns for
IL-6, IL-8, TNF-a, MCP-1 and RANTES, whereas CX3CL1
and IL-1b expression did not increase (Figure 3a). IL-6, IL-8,
MCP-1 and TNF-a expression levels peaked early, between
2 and 8h after stimulation, followed by signiﬁcant expression
inhibition beginning after 12h. RANTES expression proﬁle
was different from the other cytokines, as its expression was
maintained even after 12h, time at which the other cytokines
were downregulated. Hierarchical clustering of the gene
expression proﬁles suggested that metabolic stress and the
ER stress inducer tunicamycin promote similar proinﬂamm-
atory proﬁles which are different from that induced by TNF-a
(Figure 3a). These results suggest that ER stress (chemically
or metabolically induced) and the prototypical proinﬂamm-
atory cytokine TNF-a generate distinct tubular inﬂammatory
proﬁles. C/EBPb, a transcription factor that inhibits the
proinﬂammatory properties of ER stress, was transiently
induced by metabolic stress and could, at least in part, be
responsible for the biphasic patterns (Figure 3b).
Metabolic stress activates NF-jB signaling. Inﬂammatory
responses to stress usually involve NF-kB signaling. HRCCs
challenged with metabolic stress activated NF-kB signaling.
Indeed, the expression of the NF-kB repressor IkBa was
transiently reduced (Figure 3c, left) and NF-kB p65/RelA
expression was transiently increased during metabolic stress
(Figure 3c, right). Moreover, the nuclear translocation of the
transcriptional factor NF-kB p65/RelA was observed by
immunoﬂuorescence imaging in the same conditions, 2h
after the initiation of the stress (Figure 3d). Taken together,
these results suggest that metabolic stress activates the
proinﬂammatory NF-kB pathway. We next hypothesized that
the UPR activated during metabolic stress could promote
tubular inﬂammation.
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Figure 1 Glucose deprivation, not hypoxia and amino acids shortage promote ER stress. (a) GRP78 and HIF-1a expression during various metabolic stresses. Levels of
GRP78 (top) and HIF-1a (bottom) expression are shown from HRCCs incubated in glucose- or amino acids-deﬁcient culture media or challenged with hypoxia for 24h.
A representative immunoblot of three independent experiments is shown. (b) Metabolic stress promotes chaperones genes transcription. HRCCs were cultured in glucose-
deprived culture medium for the indicated periods. GRP78 and GRP94 transcripts levels, measured by qRT-PCR, are presented as mean±S.E.M. relative to levels
before metabolic stress over three independent experiments. *Po0.05. (c) Metabolic stress promotes time-dependent GRP78 expression. HRCCs were cultured in glucose-
deﬁcientmediumfor theindicatedperiodsandGRP78protein expression wasdeterminedbyimmunoblotting. Arepresentativeimmunoblotof threeindependentexperiments
is shown
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Figure 2 Metabolic stress activates the PERK and IRE1 pathways. (a) eIF2a is phosphorylated during metabolic stress. Phospho-eIF2a expression was evaluated by
immunoblotting in HRCCs cultured in glucose-deﬁcient medium for the indicated periods. A representative immunoblot of three independent experiments is shown. Density
refers to peIF2a/total eIF2a.( b) ATF4 expression is upregulated during metabolic stress. ATF4 protein expression was evaluated by immunoblotting in HRCCs cultured in
glucose-deﬁcientmediumfortheindicatedperiods.Arepresentativeimmunoblotofthreeindependentexperimentsisshown.(c)CHOPandGADD34transcriptsexpressionis
upregulatedundermetabolicstress.HRCCswereculturedin glucose-deﬁcientmediumfortheindicatedperiods.Transcriptslevels,measuredbyqRT-PCR,arepresentedas
the mean±S.E.M. relative to the levels before metabolic stress for three independent experiments. *Po0.05; **Po0.01. (d) Metabolic stress promotes XBP1 splicing.
HRCCs were subjected to a time course of tunicamycin (2mg/ml) exposure or cultured in glucose-deﬁcient medium for the indicated periods. XBP1 mRNA splicing was
examined by PCR and followed by migration in polyacrylamide gels. See the Material and Methods section for more details
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3
Cell Death and DiseaseThe PERK pathway is not required for triggering tubular
inﬂammation during metabolic stress. We transiently
inhibited PERK signaling during metabolic stress by RNA
interference using synthetic small interfering RNA (siRNA)
directed against the PERK mRNA (Figure 4a). PERK
inhibition did not seem to alter NF-kB signaling because
the IkBa expression proﬁles were similar during metabolic
stress with or without PERK knockdown (Figure 4b). PERK
inhibition did not alter cytokines expression proﬁles (not
shown). This result suggests that the PERK pathway is not
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in glucose-deﬁcient medium or incubated with tunicamycin (2mg/ml) or TNF-a (10ng/ml). IL-6, IL-8, TNF-a, MCP-1, RANTES, CX3CL1 and IL-1b transcripts levels were
measured by qRT-PCR. Expression levels shown are representative of the 2
 DDC
t obtained from eight independent replicates at each time point. Time resolved supervised
hierarchical clustering of transcripts expression was performed. The brightness of the green and red represents the degree to which expression was lower or higher,
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Metabolic stress and tubular inﬂammation
S Fougeray et al
4
Cell Death and Diseaserequired for the initiation of tubular inﬂammation during
metabolic stress. To activate the PERK pathway, we
incubated HRCCs with salubrinal, a molecule that selectively
blocks eIF2a ´ dephosphorylation via inhibiting the serine/
threonine phosphatase PP1 and ampliﬁes the activation of
the PERK pathway, among other effects. Salubrinal promoted
the activation of the PERK pathway, as exempliﬁed by the
overexpression of CHOP during metabolic stress (Figure 4c).
Salubrinal also ampliﬁed the expression of proinﬂammatory
cytokines and chemokines (but not RANTES) during metabolic
stress (Figure 4d). Together, these results suggest that PERK
signaling during metabolic stress does not seem to be required
for mediating tubular inﬂammation but could constitute an
accessory pathway that promotes tubular inﬂammation when
selectively activated.
The IRE1 pathway mediates tubular inﬂammation during
metabolic stress. We next focused on IRE1 signaling
during metabolic stress. IRE1 inhibition was effective after
siRNA transfection (Figure 5a). Regarding NF-kB signaling,
IRE1 inhibition reduced IkBa degradation, NF-kB p65/RelA
increase and NF-kB p65/RelA nuclear translocation during
metabolic stress (Figure 5b). IRE1 inhibition was associated
with reduced expression levels of proinﬂammatory cytokines
during metabolic stress, including IL-8, RANTES, TNF-a and
IL-6 to a lesser extend (Figure 5c). MCP-1 expression during
metabolic stress did not seem to depend on IRE1 signaling
(data not shown). These experiments suggest that metabolic
stress generates tubular inﬂammation that is in part mediated
by IRE1-dependent NF-kB signaling.
Cold ischemia in rat kidneys induces ER stress and
promotes inﬂammation. To translate our in vitro ﬁndings to
an in vivo setting, we reproduced cold ischemia conditions
encountered during kidney transplantation and analyzed
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Figure 4 PERK is not required for triggering tubular inﬂammation during metabolic stress. (a) RNA interference directed against PERK transcripts. HRCCs were
transfected with siRNA targeting PERK transcripts or control non-targeting (scramble) siRNAs. At 24h post transfection, cells were incubated with glucose-free medium and
thePERKproteinlevelwasmeasuredatdifferentperiodsoftime.ArepresentativeanalysisofPERKbyimmunoblottingisshown(n¼3).(b)PERKinhibitiondoesnotreduce
IkBa degradationduringmetabolicstress.IkBaproteinlevels are showninHRCCs transfectedwitheither PERKor scramblesiRNAor controlcells.At 24h posttransfection,
cells were incubated for 1h with glucose-deﬁcient medium or incubated with 10ng/ml TNF-a for 15min. An immunoblot representative of three independent experiments is
shown. (c) Salubrinal ampliﬁes PERK signaling during metabolic stress. HRCCs were incubated with glucose-deﬁcient medium for various periods of time with or without
20mM salubrinal. CHOP transcripts were measured by qRT-PCR after different periods of time. Transcripts expression levels are presented as the mean±S.E.M. relative to
the levels in non-treated cells and are representative of three independent experiments. *Po0.05. (d) Salubrinal ampliﬁes tubular inﬂammation during metabolic stress.
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Cell Death and Diseasewhether acute ischemia produces ER stress and
inﬂammation in rat kidneys. Rats were nephrectomized and
kidneys were conserved in IGL1 (Institute Geroges Lopez,
Lyon, France) at 41C for various periods of time. The ER
stress surrogate marker GRP78 was expressed as early as
at 4h after nephrectomy and was maintained after 24h
(Figure 6a, left). The expression levels of other ER stress
markers including CHOP, protein disulﬁde isomerase and
HERP were also increased during acute ischemia (Figure 6a,
right). These results suggest that ER stress and the UPR are
activated in rat kidneys during acute ischemia. We next
characterized the inﬂammatory processes in ischemic rats
kidneys. IkBa expression was downregulated following cold
ischemia, suggesting that NF-kB signaling is activated in the
cortex of ischemic kidneys (Figure 6b). Kidney ischemia
promoted expression cytokines, including IL-6, TNF-a,M C P - 1
and the neutrophil chemoattractant CXCL1, a murin homolog
of human IL-8 (Figure 6c). Whether ER stress is directly
responsible the kidney inﬂammation during ‘cold’ ischemia in
vivo remains to be deﬁnitely demonstrated, but our results
strongly suggest that these two processes are linked.
ER stress and NF-jB activation are associated in renal
allograft biopsies. Finally, we performed an immuno-
histological study in 18 preimplantation human renal
allograft biopsies to investigate whether ER stress and
NF-kB activation are present after acute ischemia. These
biopsies were performed just before the kidney
transplantation and constitute an interesting human model
of acute ischemia. We compared the expression levels of
GRP78 between these samples and 15 control biopsies
performed at 3 months post transplant in stable patients with
a normal renal function. Living donor kidneys were excluded.
The mean±S.E.M. cold ischemia time was 18±3h. Control
biopsies displayed a low, if not, tubular GRP78 staining; in
preimplantation biopsies a strong perinuclear staining was
observed (Figure 7a), suggesting that cold ischemia induces
ER stress in renal allografts before transplantation. The
semiquantitative evaluation showed that GRP78 expression
is signiﬁcantly higher in the preimplantation group than the
control group (Figure 7a). In the same manner, NF-kB p65/
RelA nuclear staining was found in the preimplantation
group, whereas the control group displayed weak staining
(Figure 7b). NF-kB p65/RelA nuclear staining was
signiﬁcantly higher in the preimplantation group than in the
control group (Figure 7b). Finally, we found that GRP78 and
NF-kB p65/RelA colocalized in the same tubules, suggesting
that these two processes are linked (please compare
preimplantation biopsies on Figures 7a and b). GRP78 and
NF-kB p65/RelA colocalized cortical tubular cells, a ﬁnding
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Cell Death and Diseasethat conﬁrms our in vitro ﬁndings on HRCCs. In conclusion,
acute kidney ischemic injury promotes tubular ER stress and
activates the NF-kB pathway in human renal allografts.
Discussion
Cellular responses to acute kidney ischemia promote
profound biological alterations that lead to metabolic
adaptation and cell survival in the injured milieu. Complex
biological pathways are activated to reduce cellular energy
expenditure, activate anaerobic glycolysis, increase blood
supply and nutrient transport and ultimately maintain cell
viability. Ischemia induces metabolic stress that is secondary
to oxygen, amino acids and glucose deprivation and activates
complex evolutionarily conserved responses, including the
UPR. Although this adaptive response promotes cell survival
and adaptation to metabolic stress, it also generates distress
signals that could locally promote inﬂammation. This concept
is important because a proinﬂammatory microenvironment is
known to favor the adaptive immune response.
19 The precise
mechanisms by which renal tubular cells initiate this proin-
ﬂammatory response remain to be deﬁnitively elucidated.
In this study, we identiﬁed the UPR as a new factor in the
induction of an inﬂammatory response during metabolic
challenge. Tubular epithelial cells may generate a proinﬂam-
matory microenvironment during acute ischemic kidney injury
as a consequence of extracellular stimuli including comple-
ment activation
20 or activation of TLRs by high-mobility group
B1, heat shock proteins, hyaluronans and biglycans.
9,10
Althoughthesestudieshighlighttheimportantroleofepithelial
cells in inﬂammation following acute kidney injury, they rely on
the role of above mentioned extracellular mediators. Here we
demonstrate that intracellular stress induced by glucose
deprivation promotes tubular inﬂammation generating a
proinﬂammatory microenvironment prone to the development
of alloimmunity.
We observed a biphasic proﬁle of NF-kB and cytokines
expression during metabolic stress, suggesting that although
ER stress may induce proinﬂammatory molecules via
transient activation of NF-kB in the early phase and
suppression in later phase. Previous work demonstrated that
C/EBPb, a transcriptional factor whose expression has been
shown to increase during ER stress through ill-deﬁned
mechanisms, interacts with and inhibits NF-kB during ER
stress.
21 As we found that C/EBPb is expressed during
metabolic stress, one can speculate that ER stress is possibly
involved not only in the initiation of renal inﬂammation but also
in its resolution. Whether this inhibitory process occurs in vivo
and in a human setting remains to be determined. Intriguingly,
RANTES expression proﬁle during glucose starvation is
different from the other cytokines. There is indeed a biphasic
activation of RANTES that persists even after 12h, time at
which the other cytokines evaluated are already down-
regulated. The functional signiﬁcance of these ﬁndings for
T-cell accumulation at the site of inﬂammation remains to be
demonstrated.GiventhechemotacticactivityofRANTES that
brings T cells, dendritic cells and NK cells to sites of
inﬂammation, one can speculate that RANTES can have
detrimental effects via the recruitment of immune cells that
enhance inﬂammatory processes and promote alloimmunity
during ischemia.
The detailed mechanisms by which NF-kB is activated
under ER stress are poorly understood. The UPR can directly
promote NF-kB activation through a PERK–eIF2a-mediated
translationattenuation.
22Becausethe half-lifeofIkBa ismuch
shorter than that of NF-kB transcriptional factors, attenuating
translation increases the ratio of NF-kBt oI kBa and frees
NF-kB to translocate to the nucleus in response to ER stress.
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Cell Death and DiseaseIn response to ER stress, the autophosphorylation of IRE1
induces a conformational change in its cytosolic domain,
which can then bind to the adapter protein tumor necrosis
factor-associated receptor 2 (TRAF2). The IRE1a–TRAF2
complex recruit IkB kinase, which phosphorylates IkBa,
leading to its degradation and the nuclear translocation of
NF-kB.
23 The IRE1a–TRAF2 complex can also recruit the
protein kinase JNK, leading to the activation of JNK and the
phosphorylation of the transcription factor AP1.
24 Our data
suggest that the IRE1 and PERK transducers are different
drivers of NF-kB signaling and promote non-redundant
cytokine expression proﬁles. These results are of importance
because IRE1 and PERK are differentially activated depend-
ing on the cell type, the nature, the intensity and duration of
stimuli. Thus, deciphering their respective role in mediating
tubular inﬂammation during ischemic injury could help to
better understand the links between ischemic injuries and
innate immunity activation.
The UPR is involved in renal tissue response following
acute ischemic injury and has a complex role in regulating cell
adaptation to stressful conditions and promoting cellular
demise.
16,25 Recent studies have suggested that the UPR is
responsiblefortheinhibitionofproteinsynthesisthatoccursin
rat kidneys after ischemia–reperfusion (IR) and participates in
the onset of renal tubular injury.
26,27 Conversely, pre-
conditioning of renal epithelial cells in culture with ER stress
inducers protects against oxidative assault (reperfusion) and
cytotoxicity, suggesting that the cells were protected from
injury if ER stress precedes the ischemic assault.
28 The
ambivalent detrimental and cytoprotective properties of the
UPR parallel our ﬁndings regarding proinﬂammatory and anti-
inﬂammatory properties of the UPR during metabolic stress.
Understanding this dynamic process is of great importance to
develop nephroprotective strategies that target the UPR.
Our ﬁndings should be interpreted in the setting of ‘pure’
acute ischemia rather than as the consequences of IR
because we did not analyze ER stress and inﬂammation after
reperfusion injury. The classical model used to analyze tissue
response after acute ischemia is the IR model characterized
bythe clamping of the renal artery for30minutes or more (i.e.,
warm ischemia) followed by reperfusion. Although widely
accepted, this model does not reﬂect the kind of IR injury that
occurs in renal transplantation because that ischemic
changes occur in a kidney that has been profusely rinsed
and is devoid of blood, and the duration of cold ischemia time
can be a few hours to 430h. The consequences of these two
kinds of ischemia are clinically and biologically different.
However, the model we used does not take into account the
consequences of the reperfusion injury that are known to
produce oxidative stress and is know to trigger ER stress.
Inconclusion,wedemonstratedthatischemiapromotestubular
ER stress and activates the UPR, in vitro, in vivo and in human
allograft biopsies collected before kidney implantation. The UPR
is involved in mounting an inﬂammatory tubular response that
could help to constitute the proinﬂammatory microenvironment
known to encourage the adaptive immune response.
Materials and Methods
Cell culture. HRCCs were recovered from human nephrectomy specimens and
cultured according to previously published methods.
29 Hypoxia experiments were
performed using the Anaerocult P kit (Merck, VWR, Fontenay sous Bois, France)
following manufacturer instructions. To produce metabolic stress, HRCCs were
incubated in a nutrient-deprived culture medium. Nutrient culture medium was
DMEM supplemented with 1% fetal calf serum and penicillin–streptomycin.
RNA extraction and RT-PCR. Total RNA was extracted using the RNeasy
Mini Kit (Qiagen, Courtaboeuf, France) following the manufacturer’s protocol. The
yield and purity of RNA were measured using a NanoDrop ND-1000
spectrophotometer (Nanodrop Technologies, Labtech, Palaiseau, France).
Transcript expression levels were quantiﬁed by SYBR green real-time PCR using
an ABI PRISM 7900 sequence detector system (Applied Biosystems, Courtaboeuf,
France). Vehicle-treated samples were used as controls, and fold changes for each
tested gene were normalized to housekeeping genes (ribosomal protein L13A for in
vitro analyses and TATA-box-binding protein for in vivo analyses). The relative
expression levels between samples were calculated using the comparative delta Ct
(threshold cycle number) method.
30 Primers are listed in Supplemental Table 1.
Protein extraction and western blot analysis. Protein extraction and
immunoblottingwereperformedaspreviouslydescribed.
29Detailsonantibodiesare
listed on Supplemental Table 2.
Immunoﬂuorescence microscopy. HRCCs were cultured on glass
coverslips and ﬁxed with 4% paraformaldehyde, rinsed with phosphate-buffered
saline and blocked with 2% bovine serum albumin. Cells were permeabilized with
Triton X-100 and incubated with a rabbit anti NF-kB p65/RelA antibody. Samples
were then incubated with an anti-rabbit Cyanine 3-coupled antibody (Jackson
Immunoresearch, Marseille, France). Then, cells were washed and stained with
40,6-diamidino-2-phenylindole (Vector Laboratories, Peterborough, UK). Slides
were mounted and viewed using a Nikon Eclipse TE 2000E (Nikon, Champigny sur
Marne, France) imaging ﬂuorescence microscope. Details on antibodies are listed
on Supplemental Table 2.
siRNA transfections. PERK, IRE1 and scramble (control) siRNAs were
designed and obtained from Qiagen. Transfection was performed using HiPerFect
(Qiagen) as the transfection reagent and following the manufacturer protocol.
Analysis of XBP1 processing. HRCCs were exposed to metabolic stress
ortunicamycin,andtheXBP1cDNAencompassingtheregionofrestrictionsitewas
ampliﬁed by PCR using the following primers forward 50-aaacagagtagcagctca-30
and reverse 50-tccttctgggtagacctctgggag-30 and the PCR product was incubated
with the Pst1 restriction enzyme for 1h at 371C, and the restriction digests were
separated on a 8% polyacrylamide gel with ethidium bromide. The gels were
photographed under UV transillumination and quantiﬁed by densitometry. The
XBP1 mRNA that was resistant to Pst1 and therefore already spliced and activated
was detected as a 448-bp, Pst1 , ampliﬁcation product, which is indicative of
spliced XBP1 mRNA. XBP1 PCR products were digested with Pst1 (Pst1þ), to
produce 291-bp and 183-bp ampliﬁcation products, which indicate a predominance
of the native, unspliced form of the XBP1 mRNA.
In vivo study. To characterize acute kidney ischemia injury that occurs before
kidneytransplantation,we nephrectomizedratsandwe conserved rinsedkidneysin
a conservation solution, namely IGL1, at 41C for various periods of time. This
experiment in rats promotes cold ischemia similar to that observed in human renal
kidneys before transplantation. Adult male Sprague–Dawley rats were assigned to
one of ﬁve groups of four animals each. Rats were anesthetizedwith intraperitoneal
ketamine. The abdomen was then opened through a midline incision and the
kidneyswereperfusedwith cold heparinized saline.Kidneys werenextwashedwith
IGL1 followed by incubation in IGL1 during 0h, 4, 8, 16 and 24h at 41C. All
procedures were performed strictly under the Paris Descartes University Animal
Care recommendations.
Renal allograft biopsies and immunohistochemistry. In all, 18
preimplantation biopsies were analyzed for GRP78 and NF-kB p65/RelA staining.
In all, 15 protocol biopsies performed at 3 months post transplant in stable patients
withanormalrenalfunctionandwhoreceivedtreatmentwithtacrolimus,prednisone
and mycophenolate mofetil were used as control. Patients wrote informed consent
atthetimeofthetransplantation.Pathologicalexaminationwasstrictlynormalusing
Banff scoring. The sections were incubated with an anti-GRP78 rabbit polyclonal
antibody or a rabbit anti-NF-kB p65/RelA antibody. The sections were then
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(Dako, Trappes, France). Details on antibodies are listed on Supplemental Table 2.
Tubular GRP78 and NF-kB p65/RelA staining were quantiﬁed by dividing the
number of positive tubules by the total quantiﬁed at  20 magniﬁcation.
Statistical analysis. All data are expressed as means±S.E.M. of three
different experiments, unless otherwise speciﬁed. Biological and histological data
were compared using non-parametric tests. We used the Mann-Whitney U-test for
non-parametric data comparisons between two groups, and the Student’s test for
parametric data. Statistical analyses were performed using Prism-GraphPad
software(GraphPadPrism4,GraphPadSoftware,LaJolla,CA,USA).AP-valuesof
o0.05 were considered signiﬁcant.
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